Quantum dot light-emitting diodes (QD-LEDs) are characterized by pure and saturated emission colors with narrow bandwidth. Optimization of the device interface is an effective way to achieve stable and high-performance QD-LEDs. Here we utilized solution-processed molybdenum oxide (MoO x ) as the anode buffer layer on ITO to build efficient QD-LEDs. Using MoO x as the anode buffer layer provides the QD-LED with good Ohmic contact and a small charge transfer resistance. The device luminance is nearly independent of the thickness of the MoO x anode buffer layer. The QD-LEDs with a MoO x anode buffer layer exhibit a maximum luminance and luminous efficiency of 5230 cd m −2 and 0.67 cd A −1 for the yellow emission at 580 nm, and 7842 cd m −2 and 1.49 cd A −1 for the red emission at 610 nm, respectively.
Introduction
Colloidal semiconductor quantum dots (QDs) have the advantages of high stability, solution processability, tunable emission wavelength and high color saturation. In the broad application of QDs, light-emitting diodes (LEDs) based on colloidal QDs have attracted considerable interest in the past few years due to the great potential for use in flat panel displays and solid state lighting. Since the first colloidal QD-LED utilizing colloidal CdSe QDs was reported in 1994 [1] , significant progress has been achieved through synthesis of new luminescent materials and optimization of device structure [2] [3] [4] [5] [6] [7] [8] [9] .
Nowadays, the most widely used structure [10] for QD-LEDs is indium tin oxide (ITO)/poly(3,4-ethylenedioxythiophene):poly(styrenesulfonate) (PEDOT:PSS)/hole-transporting layer (HTL)/QDs/electrontransporting layer (ETL)/Ca/Al, where a thin layer of luminescent QDs is sandwiched between the ETL and HTL. The PEDOT:PSS layer spin-coated on the ITO electrode plays an important role as the anode buffer layer to enhance hole injection efficiencies by tuning the work function of the ITO electrode. Unfortunately, the PEDOT:PSS can etch the ITO anode due to its strong acidic nature and deteriorate the device performance and stability [11] [12] [13] [14] .
In organic or polymer light-emitting diodes (OLEDs or PLEDs), stable and nonacidic metal oxides, such as NiO, CuO x , Pr 2 O 3 and Y 2 O 3 , have been investigated as alternative materials [15] [16] [17] [18] for the anode buffer layer to replace PEDOT:PSS. These metal oxides are usually deposited via vacuum deposition techniques, which are costly and time-consuming. Solution-processable anode modification materials are in great demand. Layer-structure materials [19, 20] such as NbSe 2 or MoS 2 could be solution processed as the anode buffer layer for PLEDs. However, high temperature annealing is required in those devices, which could be detrimental to the flexible LEDs with plastic substrates [21] . As for QD-LEDs, metal oxides such as NiO, WO 3 and ZTO (alloyed ZnO and SnO 2 ) have been used as the HTL to fabricate high-performance QD-LEDs without using PEDOT:PSS [22] [23] [24] [25] , but these are still not solutionprocessable. Wang et al [26] utilized solution-processable grapheme oxide thin film (GO) as the anode interfacial layer in QD-LED. GO thin films, which act as the electron blocking and HTL in the devices, have demonstrated the advantage of being compatible with fully solution-processed fabrication; however, the device performance (luminance of 165 cd m −2 at current density of 232 mA cm −2 , operated at an applied voltage of 8 V) is far from what we need. So far, there have been no reports on highly efficient solution-processed anode buffer layer materials for QD-LEDs other than PEDOT:PSS. Molybdenum oxide (MoO x ) can also be used as anode buffer layer in photovoltaic devices due to its excellent hole mobility, high environmental stability and high transparency [27, 28] .
In this work, we utilized solution-processed MoO x as the anode buffer layer on ITO to fabricate efficient QD-LEDs. The deposition of the MoO x layer is extremely simple and cost-effective, and the processing temperature is low enough for flexible QD-LEDs with plastic substrates. The yellow and red QD-LEDs with narrow-band EL emission at the peak wavelength of 580 and 610 nm were fabricated with a MoO x anode buffer layer. The maximum luminance and luminous efficiency reach 5230 cd m −2 and 0.67 cd A −1 for the yellow device, and 7842 cd m −2 and 1.49 cd A −1 for red device, respectively, which are much better than the control devices with a PEDOT:PSS anode buffer layer.
Experimental details
PEDOT:PSS (Clevious P VP AI 4083) was purchased from H. C. Stark Co. Poly[N,N-bis(4-butylphenyl)-N,Nbis(phenyl)benzidine] (poly-TPD), Tris-(8-hydroxyquinoline) aluminum (Alq 3 ) were purchased from American Dye Source, Inc. MoO 2 (acac) 2 was purchased from Alfa Aesar. CdSe/ZnS QDs were provided from Ocean Nano Tech (USA). All the above-mentioned materials were used as-received without further purification. Patterned ITO glass with a sheet resistance of 10 sq −1 was purchased from CSG Holding Co., Ltd (China).
The ITO glass was cleaned by sequential ultrasonic treatment in detergent, deionized water, acetone and isopropanol for 15 min, respectively, followed by treating in an ultraviolet-ozone chamber (Ultraviolet Ozone Cleaner, Jelight Company, USA) for 20 min. On the surface of such pre-cleaned ITO glass, a layer of the MoO x film was deposited by spin-coating MoO 2 (acac) 2 isopropanol solution and then annealed in air at 150 • C for 10 min, during which MoO 2 (acac) 2 was completely transformed into MoO x [29] . Then the MoO x buffer layer modified ITO glass was transferred to a nitrogen-filled glove box with controlled concentrations of oxygen (≤5 ppm) and water vapor (≤1 ppm) to complete the device fabrication after the following steps: first, the poly-TPD HTL (∼45 nm) was spin-coated on top of the MoO x buffer layer from the chlorobenzene solution followed by baking at 150 • C for 30 min; second, the emissive layer of CdSe/ZnS core-shell QDs was spin-cast on top of the poly-TPD layer from the toluene solution followed by curing at 80 • C for 30 min, where the thickness of the QD-emissive layer was controlled by varying the QD concentration in the solution; third, the Alq 3 ETL was thermally deposited over the QD layer; finally, a Ca/Al (10 nm/150 nm) cathode was thermally evaporated through a shadow mask without breaking the vacuum. For comparison, QD-LEDs with PEDOT:PSS instead of MoO x as the buffer layer were also prepared, where PEDOT:PSS film was deposited on the pre-cleaned ITO glass by spin-coating PEDOT:PSS aqueous solution at 2000 rpm for 35 s and annealing at 150 • C for 10 min in air. The fabricated QD-LEDs have square shapes, defined by the shadow mask, and each has a surface area of 4 mm 2 .
The surface morphologies of the buffer layers on ITO glass were analyzed by a VEECO DICP-II atomic force microscope (AFM) operated in the tapping mode. The layer thickness of the device was measured by an Ambios Technology XP-2 surface profilometer. The absorption spectra of the QD solution were measured by Hitachi U3010 UV-vis spectroscopy. The photoluminescence (PL) spectra of the QD solution were measured by Hitachi F4500 fluorescence spectroscopy. The alternating current (AC) impedance measurements of the devices were conducted at room temperature using a CHI660D electrochemical workstation. The electroluminescence (EL) spectra were recorded with an Ocean Optics 2000 UV-vis spectrometer. The current-luminance-voltage (I-L-V) characteristics were measured using a computer-controlled Keithley 236 SMU and Keithley 2000 multimeter coupled with a calibrated Si photodiode. Images of LED output were captured with a Canon EOS1100D digital single lens reflex camera. All measurements were performed under ambient conditions at room temperature unless otherwise stated.
Results and discussion
The most-studied QD-LEDs have been based on group II-VI materials, especially the CdSe and CdS QDs. The PL efficiency of CdSe and CdS QDs can be significantly improved by passivating the QD surface with a thin layer of ZnS. In this work, CdSe/ZnS core/shell QDs were utilized in the devices. As shown in figure 1 , the CdSe/ZnS core/shell QDs exhibit approximately spherical shapes with an average diameter of around 4 nm, and the well-resolved regular lattice fringes indicate the single crystalline nature of the core/shell structures without detectable stacking faults and other defects.
The absorbance and PL spectra of the CdSe/ZnS QDs dispersed in toluene are presented in figure 2, with the insets showing the photographs of the unexcited and excited (under UV light) QDs in toluene. The peak wavelength at 580 nm in the PL spectrum indicates the yellow emission of the QDs. The difference in wavelength between the positions of the band maxima of the absorption and PL spectra is mainly due to the Stokes shift.
The typical structure of ITO/anode buffer layer/HTL/ QDs/ETL/Ca/Al was employed in our work to fabricate QD-LEDs. The device configuration and the energy levels of the materials involved are shown in figures 3(a) and (b), respectively. ITO was used as the anode because of its transparency, low resistivity and relatively high work function. MoO x was used as the buffer layer on the anode to increase the anode work function from 4.7 eV (ITO) to 5.0 eV. Poly-TPD, possessing an excellent hole transport capability, was used as HTL with a highest occupied molecular orbital (HOMO) level of 5.2 eV, which is very close to the work function of the ITO/MoO x anode. Besides, poly-TPD has proven to be a quite resistant to nonpolar organic solvents such as toluene used for QD dispersion [30] , so that the spin-coating and annealing of the QD layer would not damage the underlying poly-TPD layer.
In addition to the increase in work function of the anode, deposition of a MoO x layer as the anode buffer layer also changes the surface morphology of the anode. The tapping surface is 4.8 nm. After being modified with a MoO x layer, the rms roughness is decreased to 1.9 nm and the surface becomes much flatter, as shown in figure 4(c) , which is comparable with that of PEDOT:PSS modified ITO substrate (1.8 nm) as shown in figure 4(b) . As the result of the reduction of surface roughness by MoO x modification, low Ohmic contact resistance and stable electrical conduction across the device may be achieved.
AC impedance measurements have been used previously [31] [32] [33] to investigate the interface characteristics of PLEDs, the Cole-Cole (Z versus Z ) plot of which exhibits a semicircular shape with a small tail at low frequencies when the applied bias is higher than the energy gap of the polymer [30] . The diameter of such a semicircle represents the charge transfer resistance of the PLED, R p , considering the equivalent circuit of a PLED consists of a resistor (R s ) in series with a combination of a capacitor (C p ) and a resistor (R p ) in parallel as shown in figure 5(a) . In this work, we applied the AC impedance technique to study the effect of the anode buffer layer on the change in interface resistance of QD-LEDs. Figure 5(b) shows the Cole-Cole plots for the QD-LEDs using MoO x and PEDOT:PSS as the anode buffer layer, respectively, for an applied bias of 4 V, which is higher than the energy gap of the QDs (2.1 eV). For comparison, a QD-LED without an anode buffer layer was also fabricated and measured with AC impedance, with its Cole-Cole plot also included in figure 5(b) . For all three devices, the Cole-Cole plots are approximately semicircular, indicating that the equivalent circuit of these QD-LEDs could be the same as that of PLEDs, as shown in figure 5(a) . The diameter of the semicircle for the Cole-Cole plot of the QD-LED using MoO x as the anode buffer layer is slightly smaller than that of the QD-LED using PEDOT:PSS as the anode buffer layer, and both are much smaller than that of the QD-LED without an anode buffer layer. Such results suggest that using MoO x as the anode buffer layer provides the QD-LED with the best Ohmic contact and smallest charge transfer resistance. XP-2 surface profilometer as 20, 24, 30 and 35 nm for MoO 2 (acac) 2 isopropanol solution with a concentration of 2, 2.5, 4 and 5 mg ml −1 , respectively. A luminance of 5000-5500 cd m −2 was obtained for all QD-LEDs with the concentration of MoO 2 (acac) 2 isopropanol solution ranging from 2 up to 5 mg ml −1 , indicating that the device luminance is nearly independent of the thickness of the MoO x anode buffer layer. Such results suggest the ease of the QD-LED fabrication process when MoO x is used as the anode buffer layer, since there is no need to precisely tune the layer thickness. Figure 6(b) shows the luminous efficiency of the devices as a function of current density, where the highest efficiency is achieved by the QD-LED using 2.5 mg ml MoO 2 (acac) 2 isopropanol solution. It is worth mentioning that device performance (including luminance and luminous efficiency) of all the QD-LEDs with a MoO x anode buffer layer is better than that with a PEDOT:PSS buffer layer.
In the QD-LEDs, the thicknesses of the QD layer, the HTL and the ETL all need to be optimized so that the injected holes and electrons can recombine predominantly within the QD layer and optimal hole and electron transportation can be achieved. In this work, the thickness of the poly-TPD HTL is fixed according to our previous experience [3] , so the EL spectra of the QD-LEDs are dependent on the thickness of the QD layer and the Alq 3 ETL. Figure 7 shows the variation of the EL spectra of the QD-LEDs with different thicknesses of the QD layer and Alq 3 ETL. The optimal thickness of the QD layer and Alq 3 ETL in our device is 11.8 (OD) and 23 nm, respectively, with the photographic image of the optimal yellow EL emitting is shown in the inset (a) of figure 7. A decrease in the QD layer thickness or an increase in the Alq 3 ETL thickness could result in an imbalance of the exciton transmission, leading to green emission by the Alq 3 layer (at around 530 nm). As shown in the inset (b) of figure 7 , the EL spectrum of the optimal device exhibits a similar line shape as the PL spectrum, with some broadening. This indicates that the device emissions are mainly due to the QDs. The emission peak of the QD-LED is red-shifted by 2 nm in wavelength from the PL maxima measured in the QD solution due to Foster energy transfer in close-packed QD solids [34] . The full-width-at-half-maximum (FWHM) of the EL is measured to be 40 nm.
The luminance-current-voltage (L-I-V) characteristic curves of the optimal QD-LED are presented in figure 8 , whereupon the luminous efficiency is plotted as a function of current density in the inset of figure 8 . The turn-on voltage applied to the LED producing a luminance of 1.0 cd m −2 We select one more CdSe/ZnS QD with red emission at 610 nm as the emitting layer to further investigate the general suitability of the MoO x buffer layer in QD-LEDs. The PL spectra measured in the QD solution and EL spectra of the device with a MoO x buffer layer are shown in figure 9 (a), The EL peak is red-shifted by 7 nm from the PL peak due to Foster energy transfer in close-packed QD solids. As expected, the QD-LEDs with a MoO x buffer layer show enhanced luminance and improved efficiency in comparison with PEDOT:PSS based devices. The luminance-voltage and luminous efficiency-current density curves are present in figures 9(b) and (c), respectively. The maximum luminance and luminous efficiency of the QD-LED with a MoO x anode buffer layer reaches 7842 cd m −2 and 1.49 cd A −1 , respectively. The control device with a PEDOT buffer layer only shows a maximum luminance of 6396 cd m −2 and a luminous efficiency of 0.89 cd A −1 . The results confirm that the MoO x layer is a promising anode buffer layer for use in QD-LEDs.
Conclusions
We proposed a solution-processed molybdenum oxide (MoO x ) as the anode buffer layer on ITO to build high-performance QD-LED. The MoO x layer can reduce the surface roughness of the ITO anode. Using MoO x as the anode buffer layer provides the QD-LED with good Ohmic contact and small charge transfer resistance. The device luminance is nearly independent of the thickness of the MoO x anode buffer layer, so there is no need to precisely tune the layer thickness. By optimizing the thickness of the QD and Alq 3 in the glass/ITO/MoO x /poly-TPD/QD/Alq 3 /Ca/Al structure, the devices exhibit better performance than the control devices with a PEDOT:PSS buffer layer. The maximum luminance and luminous efficiency reach 5230 cd m −2 and 0.67 cd A −1 for the yellow device and 7842 cd m −2 and 1.49 cd A −1 for red device, respectively. Our findings suggest that the MoO x layer is a promising anode buffer layer for producing high-performance QD-LEDs.
